Introduction
Quantifying the transfer of CO2 and other scalar entities from leaves to the canopy scale continues to be a subject of active research [e.g., Wofsy et al., 1993] . To properly quantify this transfer, detailed understanding of the canopy transport processes and the structure of turbulence within and above the canopy is required. The most comprehensive approach to quantify canopy scalar transport processes is to consider the scalar mass conservation equation given by OC OC 02C
+ V• =• (•)
problems in strongly non-Gaussian turbulence, and the calculations are lengthy and noisy due to the large number of particles and time steps required. Raupach [1983, 1988, 1989a, b] proposed the "localized near-field theory" or LNF, which is an intermediate class of models between the analytic theories of Taylor [1921] for Gaussian homogeneous turbulence and the complex random flight models. The LNF theory is capable of incorporating the nonhomogeneity and persistency of turbulence, but is incapable of incorporating the non-Gaussian distribution of the velocity statistics when compared to random flight models.
Whether LNF is a significant improvement over K theory in practical field applications remains unresolved. Support for the usefulness of LNF is evidenced by the wind tunnel and field experiments presented by Raupach [1989a] and Raupach et al. [1992] . However, Van den Hurk and McNaughton [1995] , McNaughton and Van den Hurk [1995] , and Dolman and Wallace [1991] report that the LNF near-field corrections are minor and K theory is adequate for describing mass and heat fluxes from canopies. We note that both the Dolman and Wallace [1991] and Raupach et al. [1992] field experiments were over short crops (not exceeding 3 m).
The objective of this study is to evaluate the usefulness of LNF in predicting the relationship between the sources and sinks, turbulent fluxes, and mean concentrations of CO2 in a complex canopy environment such as a forest. An experiment was carried in an 11-13 m tall uniform-aged and managed loblolly pine stand, where profiles of mean CO2 concentrations, CO2 turbulent fluxes, and other velocity statistics were measured. The specific objectives of this study are to predict the diurnal variation of CO2 fluxes from profile measurements and other velocity statistics using LNF, to investigate the CO2 flux errors resulting from the Gaussian distribution and the neglect of advective transport in LNF, and to compare LNF and K theory CO2 flux predictions within the forested system.
Theory
In the Lagrangian frame of reference, the motion of an infinitesimal material particle of air can be described by however, such a transformation results in viscous interaction forces that are described by nonlinear terms of the fifth degree in the variable X i. Thus the solution to the Lagrangian equations of motion for Ui is much more difficult than their Eulerian counterpart.
Xi(t) = X•(to) + Ui(s ) ds
In this study an infinitesimal material particle of air (or air parcel) is defined as a tiny connected lump of air containing many molecules of material C and is smaller in size than the smallest eddy size within the canopy [e.g., Hunt, 1982] we refer to S (Xi, t) as a source, but it is understood that S (X•, t) can be positive (source) or negative (sink). 2. Molecular diffusion in (2) is negligible, so (5) reduces to dC/dt = 0, except at the source location where dC/dt = S(X•, t). That is, once the air parcel is in contact with a source, mogeneous turbulence and serves as the main introduction to LNF theory. In the case of steady homogeneous turbulence with zero mean vertical velocity (W(t)).= 0, the Eulerian velocity statistics are nonbiased samples of the Lagrangian velocity statistics [see Pasquill and Smith, 1983 disperses by the turbulent velocity field. 3. The thin laminar boundary layers around individual leaves are considered as part of the source term S(Xi, t). That is, the variation of the leaf boundary layer thickness is small enough so that S(Xi, t) can be treated as a point source relative to the air volume within the canopy.
These assumptions are valid if the airflow inside and above the canopy is at a high enough Reynolds number (R e = UrLr/v) and Peclet number (Pe = UrLr/kc) so that the rate of change of concentration due to molecular diffusion is negligible. Here, Ur and L r are characteristic turbulent velocity and length scales, respectively.
Steady Homogeneous Turbulence
In stationary, horizontally homogeneous canopy conditions, the mean concentration of a scalar C(z, t) is related to the statistics of an ensemble of dispersing marked fluid parcels at a given vertical location (z) and time (t) by (C(z,t))-f f P(z, tzo, to)S(zo, to) dzodto (6)
The Lagrangian autocorrelation function is well approximated by an exponential form [Snyder and Lumley, 1971] In a steady homogeneous flow the distributions of W(t) and Z(t) are both Gaussian, so the transition probability density function P(z, tl0, 0) is determined by P(z, tO, 0): 2• crz(t) exp 2O.z(t52 (10)
Since crz(t ) is related to the velocity statistics by (9), (10) shows how the transition probability density function is explicitly related to the velocity statistics. Also, as discussed by Raupach [1988] , (9) suggests that the turbulence dispersion follows different dynamics in the limits when t >> TL and t << T L. That is, where angle brackets denote ensemble averaging, S(zo, to) is a source or sink strength of the scalar from a unit volume of leaves, P(z, tlzo, to) is the transition probability density function that defines the probability of an air parcel released at time to from a position z o being observed at time t and position z [see McComb, 1990, pp. 436-459] . Since the air parcel concentration directly measures the source strength, (6) states that the ensemble concentration can be interpreted as a weighted average concentration, where the weights are given by the transitional probability density functions. The main challenge in Lagrangian dispersion modeling is to specify P(z, t]Zo, to) from readily measured Eulerian velocity statistics. As noted earlier, the solution to the Navier-Stokes equations in the Lagrangian frame of reference can produce the statistics of Ui, but these equations are much more difficult to solve due to the nonlinearity in the viscous forces when compared to their Eulerian counterpart. Hence, within the context of Lagrangian models, the velocity statistics are assumed to be known or can be related to their Eulerian counterpart.
The relation between P(z, tlzo, to) and the velocity statistics was first carried out by Taylor 
L (Zo). This completes the Lagrangian description of the relationship between S (z), C (z), and F (z). Notice in (15) that if S(z), rrw(Z ), and TL(z) are known, F(z) can be estimated from (13), and the concentration profile can be estimated from (14) and (15). This approach was called the "forward problem" by Raupach [1989a].
The "inverse problem" is defined as follows: given rrw(Z ), TL(z), and C(z) (rather than S(z)), can we use (13), (14), and (15) to solve for S(z) and F(z). It is this "inverse" problem that is of interest in practice, since S (z) cannot be directly measured in forested canopies. The solution of the inverse problem is considered next.
2.3.
The Inverse LNF Problem
In practice, profile measurements are made at discrete layers, and thus the solution to the inverse problem is done in a discrete form. In this section we review the key steps in the work by Raupach [1989a] The measurements of CO2 profiles were carried out using a LICOR 6252 gas analyzer at six elevations (1, 3, 6, 9, 12, A 21X Campbell Scientific micrologger was used to sample the five analog velocity signals, the Gill triaxial sonic anemometer temperature signal, the KH20 Krypton hygrometer signal, and the two LICOR 6262 CO2/H20 signals at 10 Hz. The data from the 21X were transferred via an optically isolated RS232 interface (Campbell Scientific SC32A) to a portable personal computer and stored on a hard drive for future processing. While the 50 m fetch was small for southerly wind conditions, the winds above the canopy were predominantly from the north for this day. Also, it should be noted that the eddy correlation measurements were performed inside the canopy and the fetch was not as critical as for surface layer experiments.
The shoot silhouette area index, a value analogous to the leaf area index (LAI), was measured in the vertical by a pair of LICOR LAI 2000 plant canopy analyzers on September 9, 1994, and is shown in Figure 2 
Predictions of CO2 Sources and Fluxes Using LNF
In order to predict CO2 scalar sources and fluxes using LNF, two sets of inputs are required: (1) the mean CO2 concentration profile within and above the canopy; and ( , 1140 ). The LNF model was used to predict the source and flux profiles S(z) and F(z). For reference purposes, the LAI profile is also shown. Notice the close correspondence between the LAI and the S profile. Clearly, the near-field contribution to the C profile must be responsible for such a close relation between the LAI and S. Also, it is interesting to note in Figure 3d that LNF predictions did reproduce (1) the countergradient transport at z = 8 m, (2) the fact that the near-ground air is a CO2 source, and (3) the fact that the maximum CO2 source is at the canopy-atmosphere interface and that the point of maximum LAI is the point of maximum CO2 sink. 
Comparisons Between LNF Flux Predictions and Eddy

Error Analysis
As was noted in the theory section, two key assumptions must be satisfied in the LNF formulation: (1) the canopy flow is purely dispersive with no advective transport, and (2) It appears that at such a time step, the LNF is also in better agreement with the eddy correlation when compared to K theory, though further testing is required.
Conclusions
This study has focused on the relationship between the CO2 concentration, source, and flux profiles in a homogeneous loblolly pine stand using a Lagrangian dispersion model originally developed by Raupach [1989a, b] . The model inputs included estimates of the Lagrangian integral timescale profile, Lagrangian vertical velocity variance profile, and the mean CO2 concentration profile. The Lagrangian integral timescale was estimated from measured Eulerian integral timescales within and above the canopy, and the Lagrangian vertical velocity variance was assumed identical to the Eulerian value [see Corrsin, 1959] . From these inputs, the source (or sink) profile was computed, and the flux profile inside the canopy was estimated by numerical integration of the source (or sink) profile. The CO2 flux predictions from this model were compared to direct eddy correlation measurements available at z/h = 0.75. Our study demonstrated the following:
1. The localized near-field (LNF) theory proposed by Raupach [1983, 1988, 1989a 5. The departures from non-Gaussian distribution in the vertical velocity marginally influence the LNF model performance. Our study suggests that departures from Gaussian distribution in the odd moments (e.g., skewness) are more important for LNF CO2 flux estimation than departures in the even moments (flatness factor).
Appendix A: LICOR 6262 Lag Time Corrections
Due to the tubing length between the CO2 intake and the gas analyzer, the CO2 concentration measurements lag the one-dimensional sonic anemometer vertical velocity measurements. In order to minimize the influence of this lag and determine its value, the following was carried out:
1. The LICOR 6262 gas analyzer was placed at the top of the tower (12 m vertical distance) away from the CO2 intake. This minimizes the tubing length between the air intake and the LICOR 6262 gas analyzer. The airflow rates to the LICOR 6262 were 9-10 L min -•. One main difficulty in measuring the mean vertical CO2 concentration profiles is the need to resolve very small differences in mean concentration measurements within the canopy. One possible method to achieve this goal is to place many LICOR 6252 gas analyzers (one analyzer per measurement level) calibrated prior to the experiment. Both economy and the unavoidable instrumentation drifts preclude that option. Alternatively, one may sample the CO2 concentration sequentially with the same gas analyzer at many levels, and repeat this process several times over a sampling period that is short enough to insure stationarity in the mean meteorological conditions. While this profile-sampling method is economical, eliminates the instrument drift problem, and does not require the high instrument precision needed in the first alternative, it slope at lag 0 (a logarithmic axis is chosen to amplify the differences at small time lags method differs by a factor of 2 from the eddy correlation value for this run, we decided to recompute and summarize the comparison between predicted and measured fluxes at z = 9 m for all runs in Table 1 
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